Aerosol direct radiative forcing (ADRF) and heating rate profiles were estimated. Vertical profiles of extinction coefficient and SSA are shown. The ADRF is affected by the vertical distribution and absorption of aerosols. Large errors of the radiative effect can be induced by applying a layer-mean SSA. 
Introduction
The uncertainty in estimating the aerosol radiative effect is one of the major uncertainties in predicting climate change. The radiative forcing calculated by the difference in net radiative flux density between an aerosol-laden and an aerosol-free atmosphere at the surface, at the top of the atmosphere (TOA), and within the atmosphere column can be changed by the aerosols in the atmosphere. These effects are strongly dependent on the optical properties of the aerosol. The direct effect of non-absorbing aerosols e such as sulphates e produces an overall cooling of the atmosphere, while partly absorbing aerosols e such as black and organic carbon e can lead to either a cooling or a warming, depending on the aerosols' properties and underlying albedo. Number, size distribution, shape, composition, and morphology of atmospheric aerosol have a high variability in time and space. Another important parameter for radiative forcing calculation is the vertical distribution of the aerosol particles (Meloni et al., 2005; Zarzycki and Bond, 2010; Samset and Myhre, 2011) .
A variety of modeling (Schulz et al., 2006; Myhre et al., 2013; Vuolo et al., 2014) and measurements studies Quaas et al., 2008; Remer and Kaufman, 2006; Noh et al., 2012; Mishra et al., 2014; Feng et al., 2016) to assess and reduce the uncertainty of aerosol direct radiative forcing (ADRF) have been conducted. The Aerosol Robotic Network (AERONET) provides longterm column integrated aerosol optical depth (AOD) of globally distributed sites (Dubovik et al., 2002; Eck et al., 2003 Eck et al., , 2005 Giles et al., 2012) . Advanced satellite measurements, such as the Moderate Resolution Imaging Spectroradiometer (MODIS) and the Multiangle Imaging Spectroradiometer (MISR), also offer almost globally distributed aerosol optical depth (Levy et al., 2007; Remer et al., 2008; Papadimas et al., 2009 ). These globally distributed AODs provided by AERONET and satellite data were used for input to aerosol radiative forcing calculations. However, those studies could not find consistent aerosol effects on climate change. This is mainly due to the large spatial and temporal variation of the aerosol concentration, mass and chemical composition as well as their relatively short lifetime in the atmosphere (Sundstr€ om et al., 2015) . Another reason is the vertical distribution of atmospheric aerosols.
There is plenty of research work that suggests that the vertical distribution of aerosols is important information for an accurate estimation of the radiative and climatic effects of aerosols (Redemann et al., 2000; Highwood, 2003; Gadhavi and Jayaraman, 2006; Johnson et al., 2008; Noh et al., 2012; Mishra et al., 2015) . Lidar networks in different areas on the globe provide information on the vertical distribution of aerosols on a continental scale (Welton et al., 2001; Sugimoto and Uno, 2009; Pappalardo et al., 2014) . The European Aerosol Research Lidar Network (EARLINET) was founded in 2000 as a research project for establishing a quantitative, comprehensive, and statistically significant database for the horizontal, vertical, and temporal distribution of aerosols in Europe (Pappalardo et al., 2014) . Automated two-backscatter (532 and 1064 nm) and one-polarization (532 nm) lidars are operating at 20 locations around the Asian continent with the goal of observing Asian dust and aerosol pollution from anthropogenic sources (Sugimoto and Uno, 2009 ). Space-borne lidars such as the CloudAerosol Lidar and Infrared Pathfinder Satellite Observation (CALI-PSO) launched in 2006 (Winker et al., 2003) , provide vertical profiles of aerosol and cloud extinction with global coverage (Huang et al., 2009; Winker et al., 2009 Winker et al., , 2010 . Guan et al. (2010) found that vertical absorption profiles drastically influence the profiles of forcing and heating rates. Noh et al. (2012) reported that highly absorbing particles within Asian dust layers may play a significant role in the increase of the radiative forcing and heating rates. However, the correct assessment of the impact of the vertical-distributed aerosol absorption characteristics on radiative forcing, commonly expressed in terms of the aerosol single-scattering albedo (SSA), remains a challenge as vertical profiles of light-absorption cannot be measured directly (Arnott et al., 2006) . Microphysical retrieval algorithms, i.e. inversion with regularization that use as input backscatter coefficients measured at three wavelengths and extinction coefficients measured at two wavelengths (Müller et al., 1999a; Veselovskii et al., 2002) are the most practicable method to retrieve vertically resolved SSA of aerosol pollution. Successful applications of the method of inversion with regularization can be found in, e.g., Murayama et al. (2004) , Veselovskii et al. (2002) , Müller et al. (2003; , , and Noh et al. (2009 Noh et al. ( , 2011 . However, radiative forcing studies that use vertically resolved SSA retrieved with data inversion have not been carried out yet.
Mineral dust also has considerable influence on the Earth's radiation budget (Meloni et al., 2005 ). This mineral dust shows different optical and light absorption properties compared to anthropogenic and smoke particles (Dubovik et al., 2002; Russell et al., 2010) . Since the anthropogenic emissions in Asia are projected to further increase in future (Ohara et al., 2007) , the possibility that Asian dust plumes can be mixed with other, man-made pollution containing black carbon and/or smoke particles also will increase. Shin et al. (2015) demonstrates this mixing of dust with man-made pollution through identifying the pathway and the vertical position of dust-laden air masses over China during longrange transport using five years of multi-wavelength Raman lidar observations. This mixture of dust and anthropogenic particles causes changes in the optical properties of dust plumes (Noh, 2014) . Shimizu et al. (2004) , Tesche et al. (2009 ), and Noh et al. (2012 successfully separated mineral dust from the contribution of pollution particles in mixed-dust layers by using the linear particle depolarization ratio measured by lidar. However, studies related to the change of radiative effects caused by the mixing of dust and pollution particles based on observational data have not been performed until now.
Noh (2014) presents vertically-resolved and total layer-mean optical and microphysical parameters including SSA of mixed dust plumes and demonstrates that the addition of pollution particles increases the light-absorption property of mixed-dust plumes. In this study, for the first time, we estimate the direct shortwave aerosol radiative forcing and heating rate profiles of mixed-dust plumes using aerosol optical properties (extinction and SSA) obtained by Noh (2014) as input parameters for radiative transfer calculations. This sensitivity study also considers the sensitivity of radiative forcing with respect to SSA and aerosol layer height.
Section 2 describes the methodology to retrieve the verticallyresolved optical data and the radiative forcing calculation. Section 3 presents the results of calculated radiative forcing by measured and simulated data. Section 4 contains a summary and conclusion.
Methodology

Vertically-resolved optical data
East Asian dust plumes mixed with man-made pollution were observed with multi-wavelength Raman lidar at Gwangju (35.10 N, 126 .53 E), South Korea. The system provides vertical profiles of particle backscatter coefficients at 355, 532, and 1064 nm, and extinction coefficients at 355 and 532 nm. The optical data serve as input for an inversion algorithm that provides profiles of microphysical particle properties which subsequently are used for computing single-scattering albedo. This study presents results of mixed dust plumes observed on 24 February 2004 , 9 and 18 March 2004 , 2 April 2004 , and 24 February and 4 May 2005 . The optical data of the mixed dust plumes were separated into the pure dust content and the contribution by anthropogenic pollution, i.e. the non-dust part. The linear particle depolarization ratio measured at 532 nm was used for this separation Noh et al., 2012; Noh, 2014) . The backscatter and extinction coefficients then were used to derive single-scattering albedo of the anthropogenic-pollution part of the mixed-dust plumes (Müller et al., 1999a (Müller et al., , 1999b 2000) . This was done by retrieving microphysical parameters with the inversion algorithm and subsequently using these parameters in Mie-scattering calculations for the computation of SSA.
We used the value 0.96 ± 0.02 at 532 nm for the SSA of pure dust. This value was obtained from SSA of dust observed in various dust source regions. In another step the "total (dust þ pollution)" SSA of these mixed-dust plumes was calculated by using the optical depth of the dust and the pollution as weighting function. Details on the measurements, retrieval of SSA, and analysis are found in the publication by Noh (2014) .
Vertically-resolved extinction coefficients and single-scattering albedos at 355, 532, and 1064 nm for dust and anthropogenicpollution particles, and the total amount of aerosol particles (dust þ pollution), respectively, are used as input parameters for computations with the radiative transfer model. The profiles of extinction and single-scattering albedo used in this study are obtained directly from results presented by Noh (2014) .
In the case of SSA we obtain its value at 532 nm from the inversion algorithm. The SSAs at 355 and 1064 nm were retrieved by using the wavelength-dependence of pollution particles from 440 to 1020 nm by AERONET sun/sky radiometer data. Negative wavelength dependence, i.e. dSSA/dl < 0, has been found for pollution particles observed by AERONET sun/sky radiometer in Mexico City and the Maldives (Dubovik et al., 2002; Russell et al., 2010) . In the case of fine-mode-dominated aerosol particles, i.e. high Ǻngstr€ om exponents, SSA decreases with increasing observation wavelength. This effect is in part caused by the relatively weak wavelength dependence of the imaginary part of the complex refractive index of black carbon (Bergstrom et al., 2007; Eck et al., 2003 Eck et al., , 2005 . Black carbon is the main absorbing component in fine-mode particles. This wavelength dependence of SSA of fine-mode pollution particles was also observed by Noh et al. (2012) . Based on these previous research results we obtained the SSAs at 355 and 1064 nm.
In contrast to anthropogenic pollution particles, dust particles show positive slopes of the wavelength-dependent SSA, i.e. dSSA/ dl > 0 (Dubovik et al., 2002; Russell et al., 2010; Noh et al., 2012) . The value of SSA of dust particles is assumed as 0.96 at 532 nm in this contribution. We use the average wavelength-dependence of pure dust for SSA in our research work. We obtained this wavelength-dependence from previous studies (Dubovik et al., 2002; Eck et al., 2005 Eck et al., , 2010 Russell et al., 2010) . The values of 0.91 and 0.98 at 355 and 1064 nm, respectively were applied in this research.
The total SSA (SSA T ) of the mixed-dust plume for each aerosol layer was calculated using the weight factor (F) that determines the contribution of optical depth of dust and the anthropogenic pollution to the total optical depth of the mixed-dust plume. F was obtained from the aerosol optical depth (t) of each individual aerosol layer as follows:
The subscript n denotes the individual particle layers, and t D and t P denote the particle optical depth of dust and the anthropogenic-pollution part in each of these layers, respectively.
The SSA T of the individual layers was calculated from multiplying the SSA of dust (SSA D ) by FD, and the SSA of the anthropogenic-pollution part (SSA P ) by FP, and subsequently adding these two terms:
The column-integrated SSA (SSA int ) for the height range from surface to 6-km altitude was calculated by adding the SSA T of each layer, weighted by the ratio of aerosol optical depth, i.e.
The term t t is the column-integrated particle optical depth. Fig. 1 shows the vertically-resolved extinction coefficient and SSA at 532 nm of dust, anthropogenic pollution, and total (dust þ anthropogenic pollution) aerosol particles. These parameters were used as input for our radiative forcing calculations. Aerosols are detected only below 6 km height. Above 6-km height we used the assumption of aerosol-free air in our radiative forcing calculations. The SSA int of the total aerosol is also shown in Fig. 1 . Multiple aerosol layers were found on 24 February and 2 April 2004, and also on 24 February and 4 May 2005. A pure Asian dust layer ( Fig. 1 (a) ), respectively layers dominated by dust ( Fig. 1 (d and f)) were observed above the planetary boundary layer (PBL).
Radiative forcing calculation
Aerosol direct radiative forcing (ADRF) in the shortwave region from 0.25 to 4.0 mm was calculated with the Santa Barbara Discrete Ordinate Atmospheric Radiative Transfer (SBDART) code. SBDART is based on the discrete ordinate approach. It has been developed by the University of California, Santa Barbara, for the analysis of a wide variety of radiative transfer problems encountered in satellite remote sensing and atmospheric energy budget studies (Ricchiazzi et al., 1998) . SBDART assumes a plane parallel, vertically inhomogeneous atmosphere. This model computes the radiative transfer on the basis of a plane-parallel atmosphere under clear as well as cloudy sky conditions within the Earth's atmosphere and at the surface. In the present study, the computations have been done only for clear sky conditions assuming the US62 standard atmosphere (Sissenwine et al., 1962) . We selected a vegetated land surface in the model, because our observation site is for the most part surrounded by mountains and farmland.
Most previous ADRF research work considered an exponential drop of aerosol extinction with height above ground. Different scale heights according to AOD were used. However, this is not a reasonable assumption for multi-aerosol layers as shown in Fig. 1 . In such cases, the aerosol forcing calculation must take into account the vertical distribution of aerosol extinction and absorption. The aerosol radiative forcing at the TOA or at the surface may be similar with a comparable optical thickness, because the ADRF is strongly dependent on the aerosol amount (particle concentration). However, variable aerosol extinction profiles with height-dependent absorption coefficients strongly influence the forcing and heating rates, respectively (Meloni et al., 2005; Guan et al., 2010) . We used in our radiative forcing calculations the information on the vertical distribution of particles in terms of vertical profiles of the extinction measured with our lidar. Previous studies considered the aerosol extinction profiles (Won et al., 2004; Meloni et al., 2005; Guan et al., 2010; Noh et al., 2012) . However, radiative forcing calculations that also used profiles of aerosol absorption were not yet performed. The aerosol absorption properties were expressed by SSA which was used as input parameter for the calculations with the radiative transfer model (RTM). Fig. 1 shows the extinction coefficients and single-scattering albedos of dust, anthropogenic pollution, and total (dust þ pollution) particles that were used as input.
Since the multi-wavelength Raman lidar observations are carried out after sunset, the SSA profiles used in this study are obtained under nighttime conditions. However, the calculations of aerosol radiative forcing were performed separately for aerosolladen and aerosol-free conditions at 12:00 local time. Thus, ADRF calculated in this study represents instantaneous ADRF at local noon time. Aerosol direct radiative forcing (ADRF) at the TOA and at the surface (SF) is calculated as follows:
The term DF denotes the aerosol direct radiative forcing, and NF a and NF 0 are the net flux for aerosol-laden and aerosol-free conditions, respectively. FY and F[ are the downward and upward welling fluxes, respectively. The net flux change between TOA and surface is the flux absorbed in the layer. The heating rate is determined by the vertical divergence of the net radiative flux density (e.g., Hobbs, 2000) :
where vT=vt is the heating rate (K/day), g is the acceleration due to gravity, C p is the specific heat capacity of air at constant pressure and DP is the atmospheric pressure, respectively.
Radiative forcing Calculations
Radiative effect of mixed dust/anthropogenic pollution plumes
Aerosol direct radiative forcing (ADRF) and heating rates in the solar spectral region (0.25e4.0 mm) were calculated using SBDART.
ADRF and heating rates were calculated for dust and anthropogenic pollution separately, and for the total case that dust and anthropogenic pollution are mixed. The vertical profile of extinction and SSA in Fig. 1 are used for dust and anthropogenic pollution calculations. In the latter case extinction coefficients are the same as in the case "total" in Fig. 1 but we used two cases of SSA data for the calculation. One is the profile of SSA T and the other is the columnintegrated SSA (SSA int ). We first investigated ADRF and heating rate of dust and anthropogenic pollution, respectively. Fig. 2(a1ed1) shows aerosol (1) and single-scattering albedo (2) at 532 nm for dust (orange color), pollution (black color), and total (dust þ pollution; gray color). The columnintegrated single-scattering albedo from surface to 6 km altitude is also shown in the figure as blue color. The total and column-integrated single-scattering albedo is the same in Fig. 1(c) . Therefore, the column-integrated single-scattering albedo is only shown in Fig. 1(c) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) optical depths (a1) and direct radiative forcing at the TOA (b1), at the surface (c1), and in the atmosphere (d1) for dust and pollution, respectively. The highest total AOD of 0.99 and the lowest AOD of 0.227 were observed on 2 April and 18 March 2004, respectively.
The TOA radiative forcing of anthropogenic pollution shows negative values of À0.5, À0.2, À2.0, and À4. respectively. The TOA radiative forcing of dust shows negative values for six cases. It means that more solar radiation is scattered back to space in the presence of dust particles which are slightlyabsorbing aerosols (SSA ¼ 0.96 at 532 nm). The magnitude of the forcing by dust and anthropogenic pollution aerosols at the surface is substantially larger than that at the TOA because of aerosol absorption in the atmosphere. Fig. 2 (a2) shows the percent contributions of aerosol optical depth of dust and anthropogenic pollution aerosols, respectively, to combined (dust þ pollution) aerosol optical depths. Fig. 2 (b2ed2) shows the percent contributions of dust and anthropogenic pollution ADRF to combined (dust þ pollution) ADRF at TOA, at the surface, and in the atmosphere, respectively. The combined ADRF is calculated by just adding dust and anthropogenic pollution ADRF. The percent contributions to AOD by dust and anthropogenic pollution aerosol are 32.3e47.5% and 51.0e67.7%, respectively. Both, dust and anthropogenic pollution particles deplete the net solar radiation at the surface because of the combination of backscattering and absorption of downwelling solar radiation. The contribution of anthropogenic pollution to this reduction is much higher than that the contribution caused by dust. We find 69.3e81.2% contribution of pollution aerosol ADRF to combined ADRF at the surface. The contribution of dust ADRF to combined ADRF is 18.8e30.7% at the surface. We find 72.2e84.0% and 16.0e27.8% contribution in the atmosphere for anthropogenic pollution and dust particles ADRF to combined ADRF, respectively. These numbers show that anthropogenic pollution aerosol contributes more to the ADRF at the surface and in the atmosphere, compared to the contribution to ADRF by dust. We assume that this high contribution by anthropogenic pollution is the result of its high light-absorption capacity. The largest percentage difference between contribution to ADRF by anthropogenic pollution and dust aerosols was observed on 2 Apr 2004. The low column-integrated SSA of 0.77 at 532 nm of anthropogenic pollution aerosols on that day demonstrates the effect light-absorption has on increasing radiative forcing.
Unlike the ADRF at the surface and in the atmosphere, the contribution of dust ADRF to the combined ADRF at the TOA is higher than 40% on 24 Feb and 9 Mar 2004, and 24 Feb 2005. Higher (closer to zero) and in part positive ADRFs at TOA for anthropogenic pollution were found for the cases shown in Fig. 2 (b-1) . These results can be explained on the basis of the vertical distribution of anthropogenic pollution particles. AOD was 0.12 for anthropogenic pollution particle on 18 Mar 2004 and thus lowest of all AODs considered in this study. We find a low radiative forcing of À2. 2005. Johnson et al. (2008) explain this effect by light-absorbing (biomass burning) aerosols. If absorbing particles are located at high altitude and if AOD is high, absorption of light scattered by molecules seems to be higher than in the case that pollution is at low altitude.
The vertical distribution of dust particles also affects the radiative effect at the TOA. Comparably low ADRFs are shown in Fig. 2 . Low ADRFs are linked to cases of a high concentration of dust particles above 2 km altitude on 2 Apr 2004 and 4 May 2005. However, the impact of the vertical distribution on ADRF is less for dust aerosols compared to anthropogenic pollution aerosols. Meloni et al. (2005) reports that the radiative forcing caused by low-absorbing absorbing is weakly dependent on the vertical profile of these particles.
Since the observation date for each lidar measurement is different, we also have to consider the effect of the solar zenith angle on radiative forcing at the TOA. . At the TOA, the upwelling radiation strongly depends on the aerosol phase function, which in turn depends on particle size. Large particles show a strong scattering peak in the forward direction (Meloni et al., 2005) . As the solar zenith angle increases, a larger portion of the forward hemisphere includes the region of the upwelling scattered irradiance, and the radiative forcing decreases (more negative value) for solar zenith angles up to 70 (Keil et al., 2001; Meloni et al., 2005) . Fig. 3 shows ADRF profiles for dust and anthropogenic pollution aerosols. The vertical shape of the extinction profile (see Fig. 1 ) changes the vertical distribution of the ADRF. The ADRF becomes increasingly negative as the downward welling solar radiation encounters the aerosol layer. For an elevated aerosol layer above 3 km, this effect is seen at high altitude.
Since pollution particles are more absorbing than dust they are more efficient per unit AOD at reducing solar radiation at the surface and increasing absorption in the atmosphere. In contrast, dust particles are more efficient at decreasing the TOA solar flux. Fig. 4 shows the radiative effect of aerosol absorption. Fig. 4 (a1ef1) shows the vertically-resolved percentage ratio of the heating rate caused by dust and anthropogenic pollution, respectively. The vertical distribution of the percentage ratio of the dust-heating rate shows is similar in shape to the profile of the dust extinction coefficient, see Fig. 1 . Fig. 4 (a2ef2) and (a3ef3) represent the percentage ratio of the vertically-resolved extinction coefficients and absorption coefficients contributed by dust and anthropogenic pollution, respectively. The absorption coefficients were calculated from the extinction coefficients by multiplying the extinction coefficients by (1-SSA). The percentage ratio of the dust extinction coefficients is different from the percentage ratio of the dust heating rates at all altitudes. However, the percentage ratio of the absorption coefficient matches well the percentage ratio of the heating rate. This result can be considered as evidence for the effect of aerosol absorption on the radiative effect of aerosols. A higher percentage of ADRF at the surface and in the atmosphere Fig. 2 (c-2 and d-2) can be explained by Fig. 4. 
Effect of vertical absorption property
In the previous sections we discussed the radiative effect of each dust and pollution if these two components are separated. The extinction coefficient is an extensive property which means that total extinction of a mixed dust/pollution plume can simply be computed by adding extinction by dust and extinction by anthropogenic pollution. However, the SSA is an intensive property, i.e. SSA of a mixed dust/pollution plume does not follow from adding SSA of dust to SSA of anthropogenic pollution. In the same way it is not reasonable to compute radiative forcing of a mixed dust/ pollution plume by simply adding the radiative forcing caused by dust to radiative forcing caused by anthropogenic pollution. For that reason we calculated SSA T as explained in section 2.1. The ADRF and heating rates of the total (dust þ pollution) aerosol layer were calculated using SSA T . It is denoted as ADRF T . In the other case we use the column-integrated SSA int for the calculations (ADRF int ). The same profiles of total (dust þ pollution) extinction coefficients were used in both cases. Fig. 5 shows ADRF T and ADRF int at the TOA, at the surface, and in the atmosphere for the cases of using SSA T and SSA int , respectively. Fig. 5 also includes the stacked ADRFs of separately-calculated dust and anthropogenic pollution shown in Fig. 2 (b-1, c-1, and d-1) . With regard to the conditions at the surface and in the atmosphere ADRF T and ADRF int are similar to the stacked cases. However, at TOA the ADRF T and ADRF int of the mixed dust/pollution plume are positive, which is in contrast to the values of the individual ADRFs of dust and pollution. Johnson et al. (2008) reported this kind of increase of ADRF when dust was included as part of the background particles. Since more solar radiation is reflected upward by the dust by backscattering, the upwelling fluxes will increase through the atmosphere and the absorption effect of pollution increases (Johnson et al., 2008) . Keil et al. (2001) absorbing layers expressed in terms of the altitude information is included in the radiative forcing calculations. While scattering processes in the atmosphere control which portion of the incoming radiation is scattered back to space, absorption transfers the light to other energy forms, mainly heat (Keil et al., 2001) . Thus an increasing burden of scattering particles (e.g., sulfates) induces a net cooling effect (Charlson et al., 1991; Keil et al., 2001) . If absorbing aerosols are present in the atmosphere, this cooling can be reduced or even changed into a heating (Chýlek and Coakley, 1974; Haywood and Shine, 1995; Keil et al., 2001; Johnson et al., 2008) . The positive value of radiative forcing at the TOA for the ADRF T and ADRF int cases can be explained by these processes.
Although the positive values of radiative forcing were calculated at the TOA for ADRF T and ADRF int , the ADRF int cases showed higher values than the ADRF T cases except for the results we obtain for 18 Mar 2004. The values between ADRF T and ADRF int were the same on 18 Mar 2014 because the same values were used as input parameters.
Although the absorption capacity when integrated from surface to 6 km altitude is the same for the case of SSA T and SSA int cases, the absorption profiles for these two cases are different, see Fig. 1. Fig. 6 shows the vertically resolved absorption coefficient and ADRF T and ADRF int that follow from using SSA T and SSA int in the computations, respectively. The absorption coefficients obtained from using SSA int are higher than the absorption coefficients obtained from using SSA T above 2e3 km altitude. ADRF int is also higher than ADRF T at 6 km altitude. This result shows that the radiative effects in the solar wavelength region are sensitive to the vertical profile of aerosol absorption, although the magnitude of the variation is related to the concentration of aerosol particles.
The ADRF values at the TOA in this study are a good example for the variation of ADRF caused by multi-aerosol layers with different absorbing properties. A simple explanation is that when the scattering-dominating aerosol layer is beneath the absorptiondominating aerosol layer the amount of solar radiation that is scattered up into the absorbing layer increases. This would increase the absorption of solar radiation by the absorbing aerosol. When the scattering-dominating aerosol layer is above the absorptiondominating aerosol layer it will shadow the absorbing layer, thus reducing absorption of solar radiation by the absorbing aerosol.
ADRF of 50.5 Wm À2 at the TOA for the ADRF int case is higher than 25.8 Wm À2 we find for the ADRF T case on 2 Apr 2004.
Although the dust-dominated aerosol layer stretches from 3 to 6 km altitude, the absorption coefficients for SSA int is higher than SSA T at that height. We find higher value for the ADRF int cases compared to the ADRF T cases on all days except 18 Mar 2004. We assume that this result is caused by the difference of the SSA of aerosol layers above 3 km altitude. Fig. 7 shows the heating rates for dust, pollution, and just summed value of the dust and anthropogenic pollution. The heating rates of the total (dust þ pollution) aerosol layer calculated Fig. 6 . Vertical resolved aerosol absorption coefficient at 532 nm (line) and aerosol direct radiative forcing (line and symbol). The value for the vertical profile of SSA T applied case is expressed as gray color and the column-integrated SSA applied case is shown as blue color. Since the input parameters are the same for the total and column-integrated cases on March 18, 2004, the same value is calculated. For that reason, only the blue color is shown in Fig. 6 (c) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) using SSA T and SSA int are also shown in Fig. 7 . The vertical distribution of the heating rates is similar to the vertical profiles of the extinction coefficient shown in Fig. 1 . The heating rate of dust particles is smaller compared to the heating rate of pollution particles, which demonstrates that the energy absorption efficiency of dust particles is smaller than that of pollution particles. The values of the total aerosol layer using SSA T and SSA int are similar to the summed value of the dust and anthropogenic pollution. Noh et al. (2012) report that pollution particles within mixed dust layers are considered to play a significant role in the increase of the radiative heating rate, which in turn may lead to a selfsustaining mechanism such that long-range transport of dust plumes is possibly extending because of the increased static stability of dust layers. Since column-integrated SSA retrieved by AERONET sun/sky radiometer was used in that study, the effect might be overestimated or underestimated. In conclusion, our results in this study shows that air masses containing a mix of dust and pollution particles may lead to longer transport distances of dust particles because the enhanced light-absorption capacity of light-absorbing pollution particles leads to increased heating rates.
Sensitivity test for different absorption property layers
We simulated solar radiative forcing in order to find out whether the vertical variability of aerosol absorption properties in mixed dust/pollution layers has any significant impact on the shortwave radiative budget in a cloud-free atmosphere. The impact of the vertical distribution of atmospheric aerosols on radiative forcing has been studied by e.g. Keil et al. (2001) Feng et al. (2016) , and Mishra et al. (2015) . However, studies that simultaneously consider multiple aerosol layers with different light-absorption properties in each layer, like the case of 2 April 2004, have not been carried out yet. We simulated solar radiative forcing caused by a dual-layered structure in which an elevated mixed dust/pollution layer is located between 3 and 5 km height above ground, i.e., in the free troposphere (FF), and a second layer is located below 2 km height above ground, i.e., within the boundary layer (WBL). This double-layer has different dust ratios in the FF and the WBL. If the ratio in the WBL is composed of 20% dust particles and 80% pollution particles, and FF is composed of 80% dust particles and 20% pollution particles, it is denoted as Dr 20 . The percentages are related to the optical depths in the FF and the WBL.
We simulated seven types of mixed-dust layers from Dr 20 to Dr 80 by increasing the dust concentration by 10% from one case to the next case. The SSAs of pure dust and anthropogenic pollution Fig. 7 . Profiles of heating rate for dust (orange), pollution (black), total (dust þ pollution) with vertical profile of SSA (gray), and total with column averaged SSA (blue). The summed value of dust and pollution is denoted as red color. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) are assumed as 0.96 and 0.70 at 532 nm, respectively. Based on these SSA values, we calculated the SSA for FF and WBL according to equation (3), see section 2.1. The column-integrated SSA is also calculated with the method shown in equation (4). The columnintegrated SSA that describes the combined effect of the WBL and the FF is 0.83 at 532 nm for all seven dust ratio cases. The dust ratios and values of the SSA of each layer of these seven types of mixed dust/pollution layers are explained in Table 1 . Fig. 8 (a) shows the contribution of dust to the extinction coefficients in the mixed dust/pollution plume for each of the seven types. Although the ratio of dust varies from 20 to 80% in each of the seven cases, the AOD of each WBL and FF layer (dust plus pollution) is 1 at 532 nm, thus the total column-integrated AOD from surface to 6 km altitude is 2. Fig. 8 (b) shows the SSA of each WBL and FF layer for each seven cases. The differences of SSA between WBL and FF are largest for the case Dr 20 . The differences decrease until the case Dr 50 is reached. The differences increase again for the case Dr 60 and the following cases. Fig. 9 shows the simulation results of the ADRF profiles for the case that the column-integrated SSA was used and for the case that profiles of the SSA were used. Fig. 10 shows the ADRFs at the TOA, at the surface, and in the atmosphere for the case that the columnintegrated SSA was used and for the case that profiles of the SSA were used.
The ADRFs at the surface and in the atmosphere show similar values for the different cases of dust ratios if profile-information of SSA is used in the computations. The differences of the ADRFs obtained from using profile information of the SSA and columnintegrated values of the SSA are small at the surface and in the atmosphere. We find comparable large differences at the surface between the case Dr 20 and Dr 80 . The ADRF is À287. . If the dust ratio increases the SSA of WBL decreases and the SSA of FF is increases. The absorbing aerosols strongly absorb the radiation scattered by the molecules in the air, which significantly alters the backscattered radiation at the TOA (Torres et al., 1998; Mishra et al., 2015) . Absorbing aerosols at higher altitudes will interact stronger with the upward fraction of the radiation scattered by the molecules. For that reason, the backscattered radiance at TOA caused by an aerosol layer located at high altitude is less than that backscattered radiance at TOA caused by an aerosol layer at low altitude if the same amount of aerosol exists in the atmosphere (Mishra et al., 2015) . In contrast, in cases where a scattering-dominant aerosol layer is at high altitude, most of the incoming radiation will first backscatter to the TOA before it can be absorbed in the atmosphere. The heating rate profiles shown in Fig. 11 can explain the effect of aerosol absorption in dependence of altitude of the aerosol layer. Although the same extinction coefficients and SSAs are used, the effect of absorption is larger for the FF case than for the WBL case. WBL in Fig. 11 (a) and FF in Fig. 11 (g ) have the same extinction coefficient and SSA, but the heating rate in the FF (Fig. 11 (g) ) is much higher than the heating rate in the WBL (Fig. 11 (a) ).
Summary and conclusions
The direct aerosol radiative forcing and heating rates of mixeddust pollution plumes were estimated using vertical profiles of aerosol extinction coefficients and single-scattering albedos. The profiles were obtained from data taken with a multi-wavelength Raman lidar system in South Korea. Four cases of radiative forcing were calculated with the model SBDART: 1. Dust, 2. pollution, 3. mixed-dust plume and the use of vertical profiles of SSA, and 4. mixed-dust plumes and the use of column-integrated values of the SSA.
The ADRF at the surface and in the atmosphere show a small dependence on the aerosol vertical profile and its light-absorption properties for all four cases. In contrast, at the TOA, the ADRF is largely affected by the vertical distribution of aerosols. As the altitude above ground of the aerosol layer increased, ADRF also increased. We find differences of the radiative effect of two-layer aerosol plumes if the light-absorption between the two layers differs. Although the absorption property and the vertical profile of the extinction coefficient of the aerosols are the same for the twolayered aerosol plume we find higher ADRF at the TOA if a strong light-absorbing aerosol layer is located at high altitude above ground. The ADRF at the TOA increases when the light-absorbing aerosol layer is located above 3 km altitude.
The differences that we obtain from using a vertically resolved SSA (can be obtained from using lidar data) and a total layer-mean SSA (can be obtained from using Sun/sky radiometer data) indicates that the interpretation of results obtained with Sun/sky radiometer data alone can be misleading as there might be large errors involved in the calculations of ADRF at the TOA and the vertical profiles of heating rates. Sensitivity tests with various dust ratios in two-layered pollution plumes reveal that a column-averaged SSA may induce large errors of ADRF at the TOA and vertical profiles of heating rates. The heating changes can in turn cause dynamical changes in the atmospheric circulation and stability (Shell and Somerville, 2007) . For example, increased absorption of solar radiation within the atmosphere can result in atmospheric warming and surface cooling (Tegen et al., 1996; Ramanathan et al., 2007; Shell and Somerville, 2007) . This redistribution of heating within the column affects the stability of the atmosphere, with implications for convection, latent heat transport, and precipitation (Shell and Somerville, 2007) . For these reasons we have to be careful when we calculate the ADRF using column-integrated optical data obtained from remote sensing instruments like AERONET Sun/sky radiometers, especially if we consider cases of mixed-dust pollution plumes.
